Little research has been published on the indicators of spoilage in Mediterranean molluscan shellfi sh and crustaceans. Thus is why we studied changes in the concentrations of endotoxin and four biogenic amines (histamine, putrescine, tyramine and cadaverine) in European common squid (Loligo subulata, Lamarck, 1798), musky octopus (Eledone moschata, Lamarck, 1798), Norway lobster (Nephrops norvegicus, Linnaeus, 1758), and mussel (Mytilus galloprovincialis, Lamarck, 1819) from the Adriatic Sea stored at room temperature for 24 h. Endotoxin load in fresh squid, Norway lobster, and mussel (<1 EU mg -1 ) indicated good microbiological quality of raw samples. Biogenic amine index (as the sum of histamine, putrescine, tyramine, and cadaverine) correlated well with endotoxin load in squid (r=0.978, p<0.001) and musky octopus (r=0.874, p<0.01). A good correlation was also found between endotoxin and putrescine in Norway lobster (r=0.777, p<0.05). The highest endotoxin load was found in decomposed mussels and was associated with histamine alone. In conclusion, increase in biogenic amine levels is species-specifi c. Endotoxin analysis could be used for rapid assessment of microbiological quality of cephalopods and shellfi sh.
Cephalopods (squid, octopus, and cuttlefish), crustaceans (shrimp, Norway lobster), and bivalve molluscs (mussels) have been an important seafood for many people worldwide, and their consumption has been increasing in many countries that are not traditionally shellfi sh consumers. Like many fi sh species, shellfi sh are also prone to spoiling quickly; however, indicators of decomposition in cephalopods and shellfi sh are not as well established as for fi n fi sh. Histamine, putrescine, cadaverine, and tyramine are commonly used as chemical indicators of fi sh decomposition. They are usually formed through bacterial decarboxylation of specific precursor free amino acids (1) . Among amines, histamine and tyramine can initiate various pharmacological reactions including rash, urticaria, nausea, vomiting, diarrhoea, tingling, itching of the skin, and tachycardia (2) . Polyamines and tyramine can enhance the toxic effect of histamine by interfering with histaminedetoxifying enzymes (2, 3) . These biogenic amines may be implicated in the formation of carcinogenic nitrosamine (2) . Generally, histamine level in decomposed cephalopods and shellfi sh is low and poisoning by histamine is not usually related to their consumption (4) . Putrescine, cadaverine, and agmatine have been proposed as freshness indicators in shrimp and squid, as they were the only amines detected before the initial decomposition (5, 6) .
Gram-negative bacteria are the predominant amine-forming bacteria in fish, cephalopods and shellfi sh (7) (8) (9) (10) (11) . Endotoxins are integral components of the outer membrane of Gram-negative bacteria, which are typically released upon bacterial lysis and during multiplication. The Limulus amoebocyte lysate (LAL) assay is a highly sensitive and standard test for endotoxin measurement in various environments. This assay was applied in several studies as a quick, alternative method for microbiological testing and hygiene control of fi sh (12, 13) and meat (14) . Several studies demonstrated a high correlation between the LAL test and the microbial quality of the products (12, 14) . Currently, this test has not been applied in testing the freshness/spoilage of non-fin fish. The reference method for amine detection in fi sh is high-performance liquid chromatography (HPLC) (15) , but it requires extensive sample preparation and is expensive to perform. Some investigators have proposed thin-layer chromatography (TLC) as an alternative in preliminary screening for biogenic amines in fi sh and marine products (16, 17) , and we used it in this study.
A high level of protection of public health is one of the fundamental objectives of food law. Spoilage of marine organisms due to post-harvest handling and storage at elevated temperature is one of the greatest problems affecting the fi sh industry all over the world. Despite the fact that cephalopods and shellfi sh are important food source, to our knowledge, spoilage markers in non-fin fish species have not been as extensively studied as in fi n fi sh.
Therefore, the objective of this study was to evaluate the reliability of main biogenic amines as chemical indicators of decomposition in European common squid, musky octopus, Norway lobster, and mussel stored at room temperature (22±1) °C for 24 h. The secondary objective was to test the LAL assay in detecting endotoxin levels in cephalopods and shellfi sh as a means to monitor microbial loads.
MATERIALS AND METHODS

Seafood samples
European common squid (Loligo subulata, Lamarck, 1798), musky octopus (Eledone moschata, Lamarck, 1798) Norway lobster (Nephrops norvegicus, Linnaeus, 1758), and Mediterranean blue mussels (Mytilus galloprovincialis, Lamarck, 1819) were caught along the Croatian Adriatic coast between Zadar and Mali Ston in 2007. They were kept in ice boxes and purchased at the central fi sh market in Zagreb, 36 h to 48 h later. All shellfi sh were transported to the laboratory in sterile plastic bags surrounded by crushed ice. Upon arrival to the lab within one hour from the purchase, a total of nine squids (average weight 8.4 g), and nine Norway lobsters (average length 15 cm) were divided in three sterile plastic plates with three samples each. Three musky octopuses (average weight 207 g) were placed individually in three sterile plastic plates. A total of forty-fi ve mussels (average length 7.5 cm in shell length) were divided in three sterile plastic plates with fi fteen mussels each for analysis. Samples of muscle were collected on hours 0, 12, and 24 of decomposition at (22±1) °C. All samples were taken randomly using sterile knives (to avoid post-harvesting contamination) in portions of about 5 g for amine and 1 g for endotoxin analysis, placed in separate aseptic bags, and stored at -20 °C until analysis, which took place within a month.
Biogenic amine analysis
The concentrations of histamine, tyramine, putrescine, and cadaverine were determined using thin-layer chromatography (TLC) according to Lieber and Taylor (18) , with slight modifications. Five grams of shellfi sh muscle were extracted in 10 mL of methanol (Kemika, Zagreb, Croatia), homogenised, and centrifuged. For sample fractionation, aliquots of supernatants were applied to pre-coated silica plates SIL G-25 UV 254 (Macherey-Nagel, Duren, Germany). A series of diluted standard solutions were prepared from standard stock solutions (Merck, Darmstadt, Germany). Details have been described in our earlier paper (13) . All analyses were done in triplicate. The precision for each amine (expressed as coeffi cient of variation, CV) was lower than 10 %. Average recoveries were between 85 % and 110 %. The limit of detection was 10 mg kg -1 for histamine and tyramine and 5 mg kg -1 for putrescine and cadaverine.
Endotoxin analysis
Endotoxin was measured using the chromogenic LAL endpoint assay, which is based on the activation of a clotting enzyme in the lysate (14) . The LAL test was purchased from Charles River Endosafe (Charleston, SC, USA). It uses the following reagents: lyophilised LAL reagent-derived from the blood of a horseshoe crab, endotoxin standard (E. coli 0111:B4), S-2423 chromogenic substrate, Tris buffer solution, and LAL reagent water.
Samples of shellfi sh (100 mg) were extracted into a pyrogen-free test tube with 5 mL of endotoxinfree water (Endosafe, lot no. 99732065) containing 0.05 % Tween-20 (Merck, Darmstad, Germany). All extracts were vortexed and centrifuged at 2500 rpm, and 2-mL aliquots of supernatants transferred to pyrogen-free tubes and left at 75 °C for 20 min to avoid any possible interference. The extracts were then serially diluted (1:400 to 1:500,000) in LAL water to achieve a linear working concentration for the LAL assay. Standard curves were made by reconstituting the endotoxin standard with LAL reagent water. The potency of endotoxin standard was 24 endotoxin units per nanogram (EU ng -1 ) (product number ET 84092). The endotoxin calibration curve ranged from 0.015 EU mL -1 to 0.12 EU mL -1 . Negative and positive controls were included for every set of samples (13) . In brief, 50 µL of extracts, endotoxin standards, controls, and blanks were added to endotoxin-free microtitre plates (Greiner Labortechnik, Frickenhausen, Germany). Following a 5-min incubation, 50 µL of LAL reagent was added per well and incubated at 37 °C for another 15 min. Substrate-buffer solution (100 µL) was added to all wells and after 8 min colour reaction was stopped by adding 20 % acetic acid (100 µL). The absorbance at 405 nm was measured using a Personal Lab microplate reader (IASON, Graz, Austria). Each sample was measured in duplicate. The results were expressed as endotoxin units per milligram (EU mg -1 ). The median coeffi cient of variation was 12.3 %, and recovery varied from 93 % to 109 %.
Statistical analysis
The results are expressed as mean ± standard deviation (SD). For statistical analysis we used Statistica software, version 9.0 (StatSoft, Tulsa, OK, USA). Pearson's correlation coeffi cient was obtained to estimate the correlation between endotoxin and biogenic amine content in the nine samples obtained for each shellfi sh species. Samples with biogenic amines below the detection limit were given a value of half the detection limit. The value of p<0.05 was considered statistically signifi cant unless indicated otherwise.
RESULTS AND DISCUSSION
Biogenic amines in cephalopods
Even though the overall biogenic amine content increased in squid and musky octopus decomposed at 22 °C, the time-course of amine production differed. At baseline (hour 0), histamine and putrescine concentrations in whole European common squid were (15.3±1.7) mg kg -1 and (8.3±4.7) mg kg -1 , respectively, and other biogenic amines were not detected. There was a signifi cant correlation between the storage time and amine content (histamine, putrescine, tyramine, and cadaverine) in squid samples (Pearson's r ranged from 0.669 to 0.820, p<0.05). At hour 12, histamine, putrescine, and tyramine in squid increased to (19.7±0.5) mg kg -1 , (39.3±0.9) mg kg -1 , and (15.3±1.7) mg kg -1 , respectively ( Figure 1a ). As decomposition in squid progressed to hour 24, putrescine and tyramine levels increased exponentially and reached (209.3±82.0) mg kg -1 and (229±72.9) mg Storage time Storage time kg -1 , respectively. On the other hand, the increase in histamine and cadaverine was much slower than in putrescine and tyramine. Cadaverine was detected only at the advanced stage of squid decomposition [(68.3±20.9) mg kg -1 ]. In contrast, histamine detected at the initial stage slowly increased to (32±12.3) mg kg -1 by the end of storage. The European Community has set the maximum average histamine level for scombroid and scombroid-like fi sh to 100 mg kg -1 (15) , whereas the US Food and Drug Administration has set this level to 50 mg kg -1 (19). Histamine and tyramine are considered as anti-nutritional compounds and pose health risk to sensitive individuals. Currently there is no legal limit for biogenic amines in any cephalopod species. In our study, histamine did not exceed either of the above limit in decomposed squid, but tyramine rose above the lower safety level (100 mg kg -1 ) for human consumption (20) . Putrescine is the major amine produced in a squid decomposing at a relatively high temperature, which is in agreement with Yamanaka et al. (21) , who found putrescine at the early stage of decomposition of common squid (Todarodes pacifi cus) stored at 0 °C and 15 °C. Paarup et al. (5) suggest that rapid putrescine formation in decomposed squid is owed to early bacterial conversion of agmatine, a biogenic amine that otherwise indicates freshness. Although putrescine has no adverse health effects, high putrescine levels in decomposed squid could potentiate the toxic effects of histamine and tyramine (1, 3) . Figure 1b shows the accumulation profile of biogenic amines in whole musky octopus decomposed at 22 °C. The baseline putrescine content was (5.0±0.1) mg kg -1 . Kim et al. (4) reported putrescine content of (2.4±3.3) mg kg -1 in fresh Japanese octopus (Octopus minor). Other biogenic amines were not detected at this stage. At hours 12 and 24, putrescine increased significantly to (33±2.9) mg kg -1 and (56.7±13.9) mg kg -1 (r=0.833, p<0.01), respectively. In contrast to putrescine, the increase in other biogenic amines was much lower (5.0 mg kg -1 to 10.0 mg kg -1 ) probably due to low free amino-acids which are the precursors of biogenic amines (22) . Yet, the Eledone species seems to spoil quickly if not stored properly, as shown by the high bacterial endotoxin load ( Figure  1b) .
Biogenic amines in Norway lobster
In our study (Figure 2a) , the baseline putrescine content of (7.3±0.5) mg kg -1 in lobster muscle was higher than in some other crustaceans such as Humpback shrimp (Pandalus hypsinotus) (1.3±2.0) mg kg -1 (4) and penaeid shrimp (1 mg kg -1 ) (6). At hours 12 and 24, putrescine slowly increased to (10±2.8) mg kg -1 and (25.3±2.5) mg kg -1 , respectively (r=0.777, p=0.0138). In contrast to putrescine, other amines (histamine, tyramine, and cadaverine) were not detected in lobster muscle at any stage. These fi ndings are generally in agreement with the observations of Mietz and Karmas (23), who found early putrescine formation in Norway lobster stored in ice. Benner et al. (6) have suggested putrescine as the best indicator of decomposition for penaeid shrimp stored at a wide range of temperatures (0 °C to 36 °C) and proposed the putrescine level of 3 mg kg -1 as a threshold for human consumption. In contrast to our study, increase in putrescine was accompanied by increase in cadaverine in decomposed pink shrimp (Litopenaeus brasiliensis) (6), Indian shrimp (Parapenaeopis stylifera) (24) , and white prawn (25) .
Our study has shown that despite the storage at elevated temperature, histamine concentration in Norway lobster remained below the detection limit. This suggests that Norway lobster could be suitable for consumers with histamine intolerance (26, 27) .
Biogenic amines in Mediterranean blue mussel
The baseline levels of all biogenic amines in mussel samples were below the detection limit (<5 mg kg -1 to 10 mg kg -1 , Figure 2b ). Our fi nding for histamine is similar to Aureswald et al. (28) . At hours 12 and 24, histamine rapidly increased to (48.3±6.2) mg kg -1 and (76.7±17.0) mg kg -1 , respectively. On the other hand, putrescine, tyramine, and cadaverine levels remained below the detection limit. These results suggest that histamine is the best indicator of decomposition for mussels stored at elevated temperature. In contrast, Erkan (29) reported a signifi cant increase in putrescine levels in blue mussel decomposed at 4 °C. Mackie et al. (30) confi rmed very low histamine and considerable putrescine, cadaverine, and agmatine production in the muscle of another decomposing molluscan shellfi sh, Atlantic scallop (Pecten maximus) at 0 °C. The reader may note that in both cases storage temperature substantially differed from ours. This however does not explain the differences in fi ndings, and we believe that only future studies will fi nd the right indicators of decomposition for mussels and other bivalve molluscan shellfi sh.
What our study has clearly shown, however, is that biogenic amine production varies extremely between species. Despite storage at high temperature, histamine level in our samples never reached maximum limits reported for mackerel (13) , sardines, anchovies (31) , and tuna (32) stored at 22 °C to 25 °C. In addition, the time-course of amine formation in squid, musky octopus, Norway lobster, and mussels differs from the one in histidine-poor fi sh such as hake (13) .
Biogenic amine index in cephalopods
Many studies indicate that biogenic amine index (BAI) could be a better indicator of fi sh freshness/ spoilage than simple histamine analysis (33) (34) (35) (36) (37) (38) . BAI is usually determined as a sum of histamine, putrescine, tyramine, and cadaverine contents for scombroid fish species (33) . Our mean baseline BAI in squid and musky octopus was 23.3 mg kg -1 and 5.0 mg kg -1 , respectively (Table 1) . At hour 12, BAI in squid increased to 66.3 mg kg -1 and in musky octopus to 44.7 mg kg -1 . This increase with storage time (p<0.01) suggests that BAI may be a reliable indicator of spoilage of squid and musky octopus.
While it was much lower in both our cephalopods than we reported earlier in Atlantic mackerel and sardine (histidine-rich fi sh) stored at 22 °C for 12 h (13), it was much higher than we reported in hake (histidine-poor fi sh) in the same study. Currently, there is no BAI limit for cephalopods.
Endotoxin level in cephalopods and shellfi sh
Similar to bacterial load, high endotoxin levels in food usually refl ect improper storage conditions and post-processing contamination. According to the Commission of the European Communities (15) , foodstuffs including marine organisms should not contain micro-organisms or their toxins in quantities that present an unacceptable risk for human health. Endotoxin content of <1 EU mg -1 (≈100 ng g -1 ) reported in a number of fresh fi sh species has been recommended as the limit of acceptability (12, 13) . Our baseline endotoxin level kept within this limit in squid, Norway lobster, and mussel (range: 0.51 EU mg -1 to 0.94 EU mg -1 ) but exceeded it in musky octopus (3.0±0.9) EU mg -1 . The corresponding BAI of >5.0 mg kg -1 could indicate initial decomposition ( Table 1) . As expected, the correlation between storage time and endotoxin level was high (r=0.749 to 0.949, p<0.05). At hour 12, endotoxin in squid and Norway lobster increased to (9.9±5.9) EU mg -1 and (11.5±6.4) EU mg -1 , respectively, and in mussels and musky octopus it was considerably higher (48.3±15.1) EU mg -1 and (106.7±41.3) EU mg -1 , respectively (Figures 1 and 2 ). Endotoxin accumulated as decomposition progressed; at hour 24, entered the logarithmic phase and increased to (4477±1874) EU mg -1 in mussels, followed by musky octopus (340±41. These results show that endotoxin levels vary widely across shellfi sh species (the difference can be as high as 70-fold) and that endotoxin could be a valuable indicator of freshness/spoilage of molluscs, and crustaceans as it provides additional data on bacteria load without having to cultivate bacteria for analysis. To our knowledge, endotoxin has not yet been investigated in fresh and decomposed molluscan shellfi sh and crustaceans. The use of endotoxin as hygiene control measure for these marine organisms needs further investigation.
We found high correlations between endotoxin and some biogenic amines in squid, musky octopus, and Norway lobster (Table 2 ). They were also high between endotoxin and BAIs in squid (r=0.978, p<0.001) and musky octopus (r=0.874, p<0.01), which suggests that BAI can be a reliable indicator of decomposition for the two species. In Norway lobster the correlation was high between endotoxin and putrescine (r=0.777, p=0.0138), but none was found between endotoxin and the most toxicologically important amines histamine and tyramine. This highlights putrescine as a reliable indicator of decomposition for Norway lobster, just as it is for shrimp (6). In mussels, endotoxin correlated with histamine, but not significantly (r=0.568, p=0.111).
CONCLUSION
This study has provided new information on the spoilage markers of some cephalopods and shellfi sh. Our results indicate that deterioration in the quality of the four shellfi sh is species-specifi c and highly temperature and time-dependent. Despite storage at elevated temperature, histamine levels in squid, musky octopus, Norway lobster, and mussel did not exceed limits, even when endotoxin levels were unacceptably high. This calls for alternative markers such as BAI, which could be used for monitoring spoilage in squid and musky octopus, while putrescine could be used for Norway lobster. The LAL assay can be used for rapid assessment of microbiological contamination of shellfi sh. The role of bacterial endotoxin in the pathophysiology of histamine fi sh poisoning has not been investigated. ) upućuje na njihovu dobru mikrobiološku kvalitetu. Visoka korelacija ustanovljena je između indeksa biogenih amina (suma histamina, putrescina, tiramina i kadaverina) i endotoksina u lignji (r=0,978, p<0,001) i muzgavcu (r=0,874, p<0,01). Također je ustanovljena visoka korelacija između endotoksina i putrescina u škampima (r = 0,777, p<0,05). Najveća razina endotoksina (povezana s porastom histamina) ustanovljena je kod dagnje. U zaključku, porast biogenih amina je species-specifi čan. Analiza endotoksina mogla bi se primijeniti kao brza metoda za određivanje mikrobiološke ispravnosti mekušaca i člankonožaca. 
